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Identifying the causes of the bullwhip effect by exploiting control block diagram manipulation with analogical 
reasoning 
Abstract 
6HQLRU PDQDJHUV ZKHQ VROYLQJ SUREOHPV FRPPRQO\ XVH DQDORJLFDO UHDVRQLQJ DOORZLQJ D FXUUHQW µWDUJHW SUREOHP¶
VLWXDWLRQWREHFRPSDUHG WRDYDOLGSUHYLRXVH[SHULHQFHGµVRXUFHSUREOHP¶IURPZKLFKDSRWHQWLDOVHWRI µFDQGLGDWH
VROXWLRQV¶ PD\ EH LGHQWLILHG :e use a single-echelon of the often-quoted Forrester (1961) production-distribution 
V\VWHPDVDFDVHµWDUJHWPRGHO¶RIDFRPSOH[SURGXFWLRQDQGLQYHQWRU\FRQWUROV\VWHPWKDWH[KLELWVEXOOZKLS,QLWLDO
DQDORJLFDO UHDVRQLQJ EDVHG RQ µVXUIDFH VLPLODULW\¶ ZRXOG SUHVXSSRVH D FODVVLF FRQWURO HQJLQHHULQJ µVRXUFH PRGHO¶
consisting of a phase-lag feedback system for which it is difficult to derive the transfer function. Simulation alone would 
have to be relied on to mitigate the bullwhip effect.  By using z-transform block diagram manipulation, the model for a 
single-echelon, consisting of 17 difference equations with five feedback loops is shown to have exact analogy to Burns 
DQG6LYD]OLDQ¶VVHFRQGRUGHUV\VWHPWKDWKDVQRIHHGEDFNTherefore, this more approSULDWHµVRXUFHPRGHO¶LV
EDVHGRQDGHHSHUXQGHUVWDQGLQJRIWKHµEHKDYLRXUDOVLPLODULWLHV¶ZKLFKLQGLFDWHVWKDWWKHEXOOZKLSHIIHFWLVQRWLQWKH
FDVHRIWKHµWDUJHWmodel¶GXHWRIHHGEDFNFRQWUROEXWGXHWRDILUVW-RUGHUGHULYDWLYHµSKDVHDGYDQFH¶WHUPin the feed 
forward numerator path. Hence a more appropriate 'candidate solution' can be found via the use of a 'recovery' filter. An 
interdisciplinary framework for exploiting control engineering block diagram manipulation, utilising analogical 
reasoning, in a practical setting is presented, as is an example in a contemporary supply chain setting. 
Keywords: (P) Systems dynamics, Forrester effect, system simplification, z-transform, simulation. 
1. Introduction  
)RUUHVWHU¶VVHPLQDOZRUNRQ,QGXVWULDO'\QDPLFVLVVWLOOFLWHGWRWKLVGD\DVDQH[SODQDWLRQIRURUXVHG
synonymously with, the µEXOOZKLSHIIHFW¶HJ LQ(-25=KDQJ	%XUNH0DHWDO:DQJDQG'LVQH\
7KH µEXOOZKLS HIIHFW¶ LV WKH SKHQRPHQRQ E\ZKLFK YDULDQFH in the order flow increases upstream from one 
business to the next in the supply chain (Croson and Donohue, 2006). Lee et al. (1997a, b) first coined the term and 
suggested a number of categories for the causes of bullwhip including demand signal processing, order batching, 
inventory rationing, and price fluctuations. The former is also termed the Forrester Effect (Towill, 1997) and is attributed 
to the structure of an ordering system, the combination of decision rules, material and information delays, feedback 
loops and nonlinearities present in the system. The original Forrester paper (1958) and the subsequent text book (1961) 
formed the foundation for Industrial Dynamics, or what is now termed System Dynamics, the school of thought that 
relates system structures to dynamic behaviour in organisations. A fundamental principle of System Dynamics is that 
³IHHGEDFN WKHRU\ H[SODLQV KRZ GHFLVLRQV GHOD\V DQG SUHGLFWLRQV FDQ SURGXFH HLWKHU JRRG FRQWURO RU GUDPDWLFDOO\
unstabOHRSHUDWLRQ´)RUUHVWHU 
Gary et al. (2008) note that the use of system archetypes to understand problems and find solutions relates to the use of 
analogical reasoning (AR) (Gavetti and Rivkin, 2005). AR has been studied in the System Dynamics arena by Gonzalez 
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and Wong (2011). They undertook experiments into how decision makers draw analogies between different but 
apparently similar stock and flow problems and how they differentiate between surface and behavioural similarity: 
³VXUIDFHVLPLODULW\Ls based on the mere appearance between two objects, whereas behavioural similarity is based on the 
IXQFWLRQPDWFKLQJUHODWLRQVDQGILQDOJRDORIWKHSUREOHPVHYHQZKHQWKH\GRQRWDSSHDUWREHVLPLODU´*RQ]DOH]DQG
Wong, 2011) 
As Gavetti and Rivkin (2005) point out more generally - ³'DQJHUVDULVHZKHQVWUDWHJLVWVGUDZDQDQDORJ\RQWKHEDVLV
RIVXSHUILFLDOVLPLODULW\QRWGHHSFDXVDOWUDLWV´WKDWLVWKHUHLVUHOLDQFHRQZKDWLVWHUPHGµVXUIDFHVLPLODULW\¶%XWDV 
Forrester himself noted in an interview - ³7KHWURXEOHZLWKV\VWHPVWKLQNLQJLVLWDOORZV\RXWRPLVMXGJHDV\VWHP<RX
have this high-order, nonlinear, dynamic system in front of you as a diagram on the page.  You presume you can 
XQGHUVWDQGLWVEHKDYLRXUE\ORRNLQJDWLWDQGWKHUH¶VVLPSO\ QRERG\ZKRFDQGRWKDW´)LVKHU7KLVUHLQIRUFHV
5LFKDUGVRQ¶VDUJXPHQWWKDWVLPSOHYLVXDOLQVSHFWLRQRIFDXVDOORRSGLDJUDPVWRGHWHUPLQHV\VWHPVWDELOLW\LV
insufficient and deeper understanding of the underlying control mechanisms is required. 
Our research therefore covers the interdisciplinary space that brings together three disciplines, namely, General 
Management, as per Gavetti and Rivkin (2005), System Dynamics, (e.g. Gary et al., 2008) and Control Engineering, as 
typified by Wikner et al. (1992). While, from an Operational Research perspective, System Dynamics was originally 
considered to lack methodological rigour, as discussed by Sharp and Price (1984), it is now a commonly utilised method 
(e.g. Saleh et al., 2010). The latter has strong foundational contributions to Operational Research studies of inventory 
control systems (e.g. Vassion, 1955) and is still of value to the present (e.g. Dejonckheere et al., 2004, Spiegler et al., 
2016). Our approach to methodological unification is commensurate with modern day management challenges that 
EULQJV WRJHWKHU³DZLGHYDULHW\RIGLVFLSOLQHVVXFKDV20>RSHUDWLRQVPDQDJHPHQW@25>RSHUDWLRQDO UHVHDUFK@DQG
V\VWHPVG\QDPLFV´DQGPD\EHEUDQGHGDVPDQ\GLIIHUHQWQDPHVLQFOXGLQJ³VXSSO\FKDLQ20 management science, 
LQGXVWULDODQGSURGXFWLRQHQJLQHHULQJDQG25´0DF&DUWK\HWDO 
In deriving our interdisciplinary method, we use the Forrester (1961) model as a case example of what at first sight 
seems a highly complicated production and inventory control system. As the Forrester model is often quoted 
V\QRQ\PRXVO\ZLWKWKHµEXOOZKLSHIIHFW¶WKHQLWVHHPVUHDVRQDEOHWRXVHLWDVDFODVVLFUHIHUHQFHDVGRQHE\:LNQHUHW
al. (1992) and more recently Spiegler et al. (2016), by which to test new iQQRYDWLRQVLQPLWLJDWLQJWKHµEXOOZKLSHIIHFW¶
Also, given the fact that Forrester himself criticised the superficial visual inspections of feedback systems, it seems 
highly appropriate to use his seminal model as a reference.  
The original Forrester (1961) model, was documented as series of simulation equations which we retain for easy cross-
referencing and as given in Appendix 1. We do not show all the equations for all echelons here but rather, in 
exemplifying the control engineering approach, we utilise the equations for the factory-warehouse echelon to develop a 
z-transform representation as in Figure 1 a).  It would be extremely difficult to relate the original simulation equations 
to Figure 1 b), and even with a cursory glance the model of Figure 1 a), looks complicated and, from a surface similarity 
visual comparison, still totally different from Figure 1 b). If we now try to use control engineering criteria to have a 
more analytical comparison we then have Table 1. Hence, surface similarity suggests two very different systems with 
no analogy. Using a system simplification approach originating in hardware control engineering (Biernson, 1988) and 
subsequently exploited by Wikner et al. (1992), using the Laplace s-domain, to developed an equivalent linear, time 
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invariant representation of the Forrester (1958) decision ordering rule, we will show the analogy of Figure 1 a) with the  
Burns and Sivazlian (1978) of Figure 1 b).  
In this way our aim is to develop an interdisciplinary approach, exploiting control engineering in an AR context, in 
SURGXFWLRQDQGLQYHQWRU\FRQWUROV\VWHPGHVLJQVRDVWRXQGHUVWDQGLQJWKHFDXVHVRIWKHµEXOOZKLSHIIHFW¶DV\PSWRP
of the system's dynamics, and a precursor to its reduction / elimination. Hence we provide the basis for future research 
in Operational Research in providing robust and structured approaches to AR (Knott, 2006). Also, by using control 
engineering within an AR context we then seek to avoid the inherent dangers that a purely quantitative approach will 
not be usable by decision makers (Akkermans and Bertrand, 1997). We will further show the potential of our integrated 
approach for other general supply-chain modelling problems by applying it in a contemporary setting. 
2. Control engineering design of a complex production and inventory control system using analogical reasoning  
:HXVH*DYHWWLDQG5LYNLQ¶VVXJJHVWHGWKUHHVWHSVIRUWKHGHYHORSPHQWRI$5LQPDQDJHPHQWGHFLVLRQPDNLQJ 
These are; 
1. Target model± the observed or current situation / problem to be addressed is identified, documented and modelled. 
2. Source model(s) ± through direct / indirect experience considers other settings and, through a process of similarity 
mapping, identifies a setting that displays similar attributes, such as archetypes and benchmarks. 
3. Candidate solution(s) ± from the source model an actual, or potential, benchmark solution is identified. 
 
2.1 Target model. This is the Forrester (1961) model of the factory-warehouse echelon as given by the equations 
and associated notation of Appendix 1. A fuller description of the meaning of the notation can be found in Forrester 
(1961) and their relationship with control engineering notation in Wikner et al. (1992). The latter translate the simulation 
equations into causal loop diagrams before deriving the Laplace block diagram representation. Here we go directly to a 
block diagram representation as given in Figure 1 a), using z-transform notation to be commensurate with the modelling 
approach utilised by Burns and Sivazlian (1978) and others (e.g. Popplewell and Bonney, 1987). z notation has more 
recently been utilised in operational research, analysing the bullwhip effect induced by ordering replenishment rules 
whether at the unit of analysis of a single-echelon (e.g. Disney et al., 2006) or multi-stage supply chains (e.g. Agrawal 
et al., 2008). A fuller description of the formulation and use of block diagrams and the z-transform may be found in 
Nise (2011). Appendix 1 explains how the z-transform notation relates to the original simulation equations. 
6LPSO\ORRNLQJDWWKHEORFNGLDJUDPµDVLV¶ZRXOGVXJJHVWWKHIROORZLQJ 
x There exist the basic building blocks for a generic system archetype; feedback, stocks and flows, policies or 
decision rules, and lags or delays. 
x There are a number of feedback loops and delays.  
x The feedback loops are monitoring systems states or the stocks in the system.  
x The feedback loops influence the ordering decision, MD, that is, the manufacturing rate.  
x The feedback loops are balanced, suggesting a homeostatic system, which are also suggested by running the 
three-echelon simulation. 
,IWKHDERYHµVXUIDFHVLPLODULW\¶GHGXFWLRQVDUHWREHEHOLHYHGWKHQLQWXLWLYHO\DPDQDJer would be looking to solve the 
problem traditionally associated with a phase-lag, or delayed response, system and that the bullwhip solution lies with 
proportional control / phase-lead compensation. The relative complexity of the block diagram suggests that it will be 
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difficult to derive the transfer function and any quantitative analysis would have to rely on simulation alone. Also, the 
complexity seems quite unique, again posing difficulties to identifying analogous production and inventory control 
systems with potential candidate solutions.  
7REHWWHUJUDVSµEHKDYLRXUDOVLPLODULW\¶WKHQH[WVWHSLVWRXQGHUWDNHDVLPSOLILFDWLRQSURFHGXUHLQRUGHUWRXQGHUVWDQG
the underlying mechanisms. We follow a similar procedure as given by Wikner et al. (1992), which ensures replication 
of their work in the Laplace s domain using the alternate z transform method, and as given in Appendix 2. The 







Figure 1:  a) Forrester (1958, 1961) model in block diagram z notation form and b) Burns and Sivazlian (1978) model 






Criteria for comparative 
purposes 
Forrester (Figure 1a) Burns and Sivazlian (Figure 1b) 
Number of variables 17 5 
Number of feedback loops 8 0 
Number of parameters (total) 9 3 
Number of first order lags / 
delays 
0 2 
Number of second order lags / 
delays 
0 0 
Number of third order lags / 
delays 
2 0 
Number of integrators / stocks 5 1 
Number of time varying 
parameters 
1 0 
Number of continuous non-
linearities 
2 0 
Number of discontinuous non-
linearities 
2 0 
Ease of transfer function 
formulation 
Low High 
   
 
Table 1: Control engineering comparison of the two systems shown in Figure 1. 
 
If required, we can reinstate other variables of interest, such as IA or SS, but for the purposes of identifying the target 
model herein and the subsequently identified source model then Figure 2 highlights the relationship of interest, RR
MD
. It 
can be clearly seen from Figure 2 that the system contains no linear state feedback in the ordering rules which consists 






is, the system states, given by IA, inventory actual levels, and LA, pipeline orders actual in transit, do not affect the 
RUGHULQJUXOHDQGKHQFHKDYHQRLPSDFWRQWKHµEXOOZKLSHIIHFW¶:LWKRXWWKLVLQVLJKWFonsiderable time and effort may 
be wasted by decision makers on exploring, say through protracted System Dynamics simulation studies, the impact of 
reducing pipeline lead-WLPHVDQGRUDGMXVWLQJLQYHQWRU\IHHGEDFNUXOHVRQWKHµEXOOZKLSHIIHFW¶ 
 
Figure 2. The z-transform simplified representation of the Forrester (1958) model. 
2.2 Source model. +HUHZHQRWHWKDWWKHEORFNGLDJUDPRI)LJXUHDQGWKHSULQFLSOHRIµUHDO¶SOXVµVDIHW\¶RUGHUV
has direct analogy with the model developed and analysed by Burns and Sivazlian (1978). While Burns and Sivazlian 
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(1978) used a flow graph and different notation (Z=z-1), as in Figure 1 b), Figure 3 a) shows the equivalent block diagram 
representation. 
The terms used in Figure 3 a) are; h(n) = order placed in week n, g(n) = order received in week n, c = number of 
weeks of inventory ownership desired, f  = hedging coefficient 
Immediately it can be seen that Figure 3 a) resembles Figure 2 in that the order decision, )(nh , consists of two 
components. The upper path is the order received, )(ng , while the lower path is an additional component that aims to 
compensate for lags in the system and adjust inventory. The lower path consists of a number of functions that are, in 
RUGHU IURP OHIW WR ULJKW H[SRQHQWLDO VPRRWKLQJ ZLWK SDUDPHWHU Į D VHFRQG H[SRQHQWLDO VPRRWKLQJ IXQFWLRQ ZLWK
parameter f; differencing; and a constant, c+HQFHZHFDQLPPHGLDWHO\GHGXFHWKDWWKHUHLVµVXUIDFHVLPLODULW\¶EHWZHHQ







Figure 3. The Burns and Sivazlian (1978) model a) and its rationalisation, via b), to the model equivalent c) 
Figure 3 b) is the manipulation of the functions to get them in the form of z rather than z-1. Then, making the following 












  « 
c =  K   « 
tG
 = 1   « 
we derive Figure 3 c) which can be further reduced to be exactly equivalent to Figure 2. 
7KLVLVDQLPSRUWDQWUHVXOW:HKDYHQRZIRXQGµEHKDYLRXUDOVLPLODULW\¶EHWZHHQWKH%XUQVDQG6LYD]OLDQPRGHO
and the Forrester model (1961). The AR would not have been identified if the original Forrester model had been retained 
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especially in the form of the simulation equations of Appendix 1 and even in the form of the original block diagram as 
shown in Figure 1 a). 
Triangulating analytical approaches to verify the similarity between the Forrester (1961) and Burns and Sivazlian (1978), 
models, Figure 4 a) shows the MD unit step response comparison between the Wikner et al. (1992) and Forrester (1961) 
block diagram unit step responses using the MATLAB Simulink© software package, and the Wikner et al. (1992) / Burns 
and Sivazlian (1978) model inverse z-transform into the time domain using the Mathematica© software package.  
The derived transfer function in z is     











For the parameter settings established in the original Forrester (1961) simulation tests, i.e. K = 9, DR = 8, DI = 4, the 
unit step responses are exact. This indicates that in the original Forrester model, for the value of AL used, the non-
linearity established by the CLIP function never constraints MD. Figure 4 b) shows the IA deviation step response for 
the original Forrester model, which has DF as a time varying parameter, and compare it with the Wikner et al. (1992) 
model which can only be calculated by reinstating MO, SR, UO and ST. Also shown is the Forrester model with time 
varying parameters kept fixed and the non-linearity set by the CLIP function set at such a high level that it does not 
constrain SS. It can be seen that the latter directly mimics the Wikner et al. (1992) / Burns and Sivazlian (1978) model. 
Figure 4 therefore suggests that even the time varying feedback that is present does not affect the ordering decision MD 
and hence does not influence the bullwhip effect. This is true also when the non-linearity also constrains SS. 
2.3 Candidate solution. Our simplification in Section 2.1 and analysis in Section 2.2 now suggests the following 
properties associated with the Forrester model; 
x There is no significant feedback into the ordering decision, MD  
x There is a differencing term in the numerator of the transfer function which is the cause of the bullwhip effect 
and not any linear feedback loops.  
x We should expect a phase-lead and not a phase-lag system 
x It is easy to derive the transfer function. Hence, the model is mathematically tractable with simulation as support. 
x 7KH)RUUHVWHUPRGHOKDVµVXUIDFHVLPLODULW\¶DQGµEHKDYLRXUDOVLPLODULW\¶ZLWKWKH%XUQVDQG6LYD]OLDQ
model. Hence, a candidate solution will be found in Burns and Sivazlian (1978). 
Burns and Sivazlian show selected unit step, random and sinusoidal responses to highlight the dynamic behaviour of 
one-, two- and six-HFKHORQV\VWHPVZKLFKH[KLELWWKHµEXOOZKLSHIIHFW¶8VLQJQXPHULFDOIUHTXHQF\UHVSRQVHDQDO\VLV
they suggest a ILOWHULQJDSSURDFKVRDVWRILOWHURXWXQZDQWHGµIDOVHRUGHUV¶LQWKHORZHUSDWKRI)LJXUHFZKLOHDOORZLQJ
µOHJLWLPDWHRUGHUV¶WRSDVVWKURXJK 7KHµIDOVHRUGHU¶LVFUHDWHGE\WKHGLIIHUHQFLQJWHUP௭ିଵ௭ , a form of forecasting 
based on the rate of change. In hardware control engineering terms this generates the well-NQRZQ³SKDVHDGYDQFH´RU
predictive component (Truxal, 1955). While this has advantages when it comes to inventory replenishment, in essence 
ordering in advance to ensure stock availability, we now see that there must be some constraint (Porter 1952).   
We do not replicate the analysis already undertaken by Burns and Sivazlian (1978). Instead we show the frequency 
response of the system graphically using discrete time bode plots given in Figure 5 which are based on the case when c 
 Į f = 0.2, i.e. again for the original Forrester test condition when K = 9, DR = 8, DI = 4. Burns and Sivazlian, 
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 weeks. For the chosen parameter values, 40 NTZ  weeks. It can be seen from the peak magnitude in 
Figure 5 that the damped natural frequency lies between 0.1-0.2 radians week-1, so that 8.625.31  NTZ  weeks.  
 
 
a) MD step response 
 
b) IA step response 
Figure 4. Triangulation methods in comparing the Wikner et al. (1992)  / Burns and Sivazlian (1978) and Forrester 
(1961) dynamic responses (K =  9, DR = 8, DI =  4) 
The bode plot also shows that the peak magnitude corresponds with little phase lead in the output. While Burns and 
Sivazlian, as with other authors who have utilised filter theory in supply chain design, focussed on the amplitude ratio 
or magnitude characteristics of such systems (e.g. Towill & del Vecchio, 1994, Dejonckheere et al., 2002, Towill et al., 





















Figure 5. Bode plots of the Wikner et al.(1992) / Burns and Sivazlian (1978) models (K =  9, DR = 8, DI =  4) 
4. Conclusion 
Now we may propose an interdisciplinary framework, with control engineering at its core and exploiting analogical 
reasoning, for identifying the causes of the bullwhip effect, and identifying potential solutions, as given in Table 2. The 
approach has been tested using the Forrester (1961) supply chain as a target model. The method does not assume that 
an initial complicated Forrester model will lead to the right AR. By undertaking block diagram formulation, 
manipulation and simplification, it is possible to HVWDEOLVKWKHFRUUHFWµWDUJHWPRGHO¶VLPSOLILHG)RUUHVWHUPRGHODQG
KHQFH LGHQWLI\ DQ DSSURSULDWH µVRXUFH PRGHO¶ %XUQV DQG 6LYD]OLDQ  PRGHO IURP ZKLFK WR HVWDEOLVK D FRUUHFW
µFDQGLGDWHVROXWLRQ¶XVLQJILOWHUWKHRU\ 
In identifying the causes of the bullwhip effect resulting from complicated production and inventory control systems 
the method establishes behavioural similarity and not just surface similarity i.e. understanding the underlying 
mechanisms that lead to a particular dynamic behaviour. 
The method developed contributes to an interdisciplinary approach as it utilises control engineering, supported by AR, 
to gain insights into the underlying mechanisms to system dynamics problems and providing solutions. While the 
research has utilised an often-quoted model to highlight the utilisation of a block diagram simplification approach, and 
AR a second contemporary example, namely the Intel supply chain, to test the approach suggested in this paper is given 
in Appendix 3. Hence, our method can be potentially used to make a bridge between theoretical and practical modelling 
approaches.   Further empirical testing of our approach given in Table 2 is suggested for future research, especially 
through empirical studies as suggested in Appendix 4, which would enhance its credibility in practical problem solving 
situations. Such future research need not be constrained to just the bullwhip effect but should be extended to solve other 
supply chain dynamics phenomena such as rogue seasonality, ripple effect, inventory drift and inventory variance, 
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among others. Also, the development of more formal rules to compare and contrast target and source models will be of 
interest to the Operational Research community. 
Generic phases Forrester Model Intel Model 
Identify correct 
target model 
Based on just a visual comparison 
between figures 1 a) and 1 b), that is 
PHUHO\µVXUIDFHVLPLODULW\¶FRPSDULVRQ
there is no analogy between the 
Forrester and Burns-Sivazlian models. 
Figures 1a illustrates a complex model 
with several feedback loops, delays and 
nonlinearities, which can deceive 
designers into believing that the 
bullwhip problem is associated with a 
phase-lag, or delayed response 
µ%HKDYLRXUDO VLPLODULW\¶ UHTXLULQJ
block diagram manipulation and 
simplification, (comparing Figures 3 b 
and 3 c) subsequently reveals analogy 
between the simplified Forrester and 
Burns-Sivazlian models. 
Based on just a visual comparison between Figures 
$ DQG $ WKDW LV PHUHO\ µVXUIDFH VLPLODULW\¶
comparison, there is no analogy between the Intel and 
,2%3&6 IDPLO\ PRGHOV µ%HKDYLRXUDO VLPLODULW\¶
requiring block diagram manipulation and 
simplification, (comparing Figures A3.3 with A3.5 
and A3.6) subsequently reveals direct analogy 
between the Intel (pull mode) model with the 
VIOBPCS, but some similarity between the Intel 




Without simplification it would not have 
been obvious that the Burns and 
6LYD]OLDQ¶PRGHOLVDQDORJRXV 
Root cause for bullwhip effect: first 
order derivative in the feedforward path 
Without simplification it would not have been 
obvious that the IOBPCS family of models is 
analogous. 




Surface similarity alone may have led to 
incorrect conclusion regarding the 
impact of feedback control. Behavioural 
similarity, revealed via simplification, 
gives new insights to potential solutions. 
Candidate solutions to bullwhip effect: 
Filter theory, as in Burns and Sivazlian 
(1978). 
Surface similarity alone may have led to over reliance 
on simulation alone with a trial and error approach to 
finding solutions to the bullwhip effect. Behavioural 
similarity, revealed via simplification, gives new 
insights to known solutions from, as well as revealing 
an addition to, the IOBPCS family. 
Candidate solutions to the bullwhip effect: 
Conservative parameter settings from Edghill (1990) 
and adaptations of John et al. (1994). 
Table 2. An interdisciplinary framework, exploiting block diagram formulation and manipulation with analogical 
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